STUDY OF PURE FLUID

PHENOMERA

I
o
8\
it
(]
[
"
ot
D
o™
Lt

)
t
[id
¢
fol
~r
[t}
1t
o
(¥

o
Pl
W
[o 23
(W]

Final Report

Decamber 15, 1963

Prepared For: =3 ! Space Flight Center

anG Sparte Administravion

Prepared By: Sperry Utah Company
Division of Sperry Rand Corporation
Salt Lake City, Utah



FOREWORD AND ACKNOWLEDGEMENTS

This research study was made for the Astricnics Laboratory of the George

C. Marshall Space Flight Center, Naticnal Aercnautics and Space Administration,
by the Sperry Utah Compary Division of the Sperry Rand Corpcration, under
contract KAS 8-20102. The report covers a twc-phase program,

Phase 1 describes the experimental laboratory work conducted to verify
the scaling laws developed under contract NAS 8-11236 - June - December
1064, The experimental results have showr 1% nccessary to modify the
similarity equations of contract 8-11236, A modified set of similarity
laws is presented in this report, A detailed description of a fluid
sine wave signal generator developed during the course of the program
is also included in this section,

Phase 11 describes the s:.cies leading to the development of a pure
fluid pressure ratio rez. iator. Several concepts of regulation are
considered; and compone :s applicable to pressure regulation systems
are discussed,

The following authors have contributed to this report:

Phase 1 - Dr, E. Groeber

Phase I1 - C., L, Keller

General - D, F, Folland




ABSTRACT
PR
This report covers two separate investigations. The first is an
experiment in dynamic pressure transmission in passive fluid circuits.
The second is an investigation of a fluidic circuit for meirntaining a
constant pressure ratioc across a load.

The purpose of the first investigation is to verify the similarity

laws for passive circuits. These laws have been developed under an
earlier contract MAS 8-11236, and are contained in Volume 1, Chapter 2
of the final report of that contract.

The experiments proved that similar conditions exist when the volume
ratic of the passive circuits is ¢onstant, and the length t¢ diameter
ratio is changed to satisfy the similarity laws. This is better called
a dynamic similarity, whi-t means that the same amplitude ratios of
cutput to input oscillations are cbtained at corresponding freguencies

The similarity equations of contract NAS 8-11236 have been found
to contain too many assumed conditions., The assumption that the tube
length to diameter ratip is constant had to be dropped in orcer to
have sufficient variables. A revised set of similarity laws is
presented in this report.

The purpose of the second investigation is the development of a
pre fluid pressure ratic regulator. Iwo concepts of regulation are
considered. The first uses a singie component operating in a self-
regulating mode. It is shown to be feasible for regulating supply
pressure variations, but it cannot compensate for changes in iocad.

The second concept makes use of a requlating system. invoiving sensors,
feedback elements and control valves. Components proposed for sensor
application are discussed and analyzed. Further component study is
found to be necessary.
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CHAPTER 1

THE SIMILARITY LAWS




Chaptexr 1

1.1 The Similarity Laws

The similarity laws for passive fluidic r~ir-uits are a part cof the
final report of the "Analytical Investigation of Fluid Amplifier Characteristics'
of the contract NAS 8-11236, December 20, 1964, The mathematical develep-
ment of the similarity laws is found in Volume 1, Chapter 2 under the
heading "Dynamic Analysis of Passive Circuits and Electrical Analogy't and
in Volume 2, Chapter 1 "Dimensional Analysis®, Reference is made to the
work of A, S, Iberall "Attenuation of Oscillatory Pressures in Instrument
Lines", research paper RP 2115 of the National Bureau of Standards,
Volume 45, July 1350, The thecoretical investigation of Iberall constitutes
the basis for the similarity laws developed under the NAS 8-11236 contract.

In general, the performance of devices in fluid mechanics and in
fluidics is sensitive to the characteristics of the fluid: viscosity,
temperature, and pressure, The problem of the similarity laws for dynamic
conditions is to determine -he requisite relations under which one system
performs similar to anctha- zprresponding system,

The similarity laws for oscillatory pressures under contract NAS 8-11236
are developed under the prerequisite that the pipe flow follows Poiseuille's |
law for laminar flow,

It is the purpose of this work to establish proof for the scaling laws
and to make corrections, if necessary, Based on the experiments, such
corrections have been made,

l.2 Classification of Fluid Regimes and Similarity Rules

l1.2,1 Classification of Dynamic Regimes

It is very important to understand the dynamic classification
of fluid regimes and the physical factors entering such classificacion
criterion,

It is well known that the classic Reynolds Mumber supplies the
criterion for the steady-state classification of fluid regimes, Creeping
flow, laminar flow, transitional flow and turbulent flow can be denoted
by appropriate numerical values of the Reynolds Number,

Simglarly, it has been shown that the dimensionless Stokes Number
5§=wWD classifies the fluid regimes in regard to dynamic conditions;

L
it is in the nature of a dynamic damping index. Frequency, tube diameter
and fluid kinematic viscosity enter into the parameter; it clearly demonstrates
that frequency alone is not sufficient to denote dynamic state in a fluid
dynamic situation,




Three basic dynamic fluid regimes can be identified, as will be
discussed below,

1.2.1,1 High Damping Regime

This area comprises the S-range from 0 o 1.0; at § = O,
of course, there is steady-state flow, Here it is esserntial to have
similarity for both R, and S, since the steady-state flow is the boundary
of the area, and quasi-steady-state flow may be assumed for the mathematical
solution,

The elementary solution may be used if tube compressibility can be
neglected and the chamber processes are isothermal., A critericrn for the
neglect of tube compressibility is as followss

32 W e z 1
27 100

D np

Generally, the corrected thz:ry should be xsed, The ceorrected theory is

quite complex and is prese ted in the final report of contract NAS 8-11236,

Volume 1, Chapter 2, Ea:.- regime has its own set of corrected equations,

1.2,1,2 1Inter-ed:ate Damping Area

This area comprises the S-range from 1,0 to 100; most
practical applications of propcrtional fluid control circuitry are expected
to fall in this area,

The elementary solut:is~ should no: be used in this area since the
compressibility of the gas in rhe tube will be importar% and the chamber
processes will be apprscaching adiabatic, The corrected thecry should be
used,

1.2.1.3 Low Damping Area

This area comprises the S-range above 100; the upper limit
is not defined by a S value, but by another parameter, i.,e, G D= 3,68,
C
This area may be also termed the elementary longitudinal accustic area and
its upper limit of applicability is given by the onset of transverse acoustic
waves, When such waves occur, the full three-dimensional analysis is required,

1.2.2 Dimensionless Parameters

The theory has shown that the amplitude attenuation ratio and
the phase angle is dependent on the following dimensionless parameters:

S = wnzs’

4 pe
XTO=32 W s (_L_}z

np




Tube to tark volume vatio = V m

Al‘ »
Z= WL
C
In addition, the classic Reyrolds Number R, = UDG  should alsc be

considered, to account for steady-state similariiy in the tube (pressure-
loss and transverse velocity distribucion),

The geometric similarity parameters are L arnd V,

D AL
The heat transfer similarity parameters m are explicitly and also
implicitly in the velocity of sound, n

If in additicn to tre Reynclds Number R, and the Stokes Number §
{both basic parameters whi:zh casn be derived directly from the fluid equations
of moticn) an acoustical %+ -clds Number is considered, with the Zorm:

Rea = CD g
/&c

Then it has been showr. that ;{'I and Z can be expressed In Zerms of S and Reao

Indeed X'r w p’e % ( L) 128
o 4 2" 2 2
™M D

2
thus XTO =128 S ( L )
2 D
Rea A

also Z= W Dze A 4 L

Dy CD @ D
thus Z2=4 § L

Rea D

Dynamic similarity in fluidic circuits exists when the amplitude
ratio of pressure oscillations is equal., A passive fluidic circuit is
shown in Fig, 1-1., The amplitudes in passive circuits are measured at
the input to the tube and at the tank. Considering two fluidic circuits,
let the index 1 denote the first circuit and the index 2 stand for the




second circuit,

Then in case of similarity

2 z
D . D
s= w1811 = W8,
/ul /“2
D .2
or w ¢ 2 1 ) 1 (1-1)
w2 @2 1 D,
The second reguirement is that
s L\ 2 L 2
T =128 1 (1) = 128 2 (’2)
2 D 2 D
RE&: 1 Re!ﬁ 2 )
since 5, = § and R = e
e, A
£
2 L\ 2 2 L2
A 1 = /2 f 2\
2o @l D, 2 2 2 \D, ,}
1 % % €, 0 5
or C D 2
/4 2 (2 ) S, L o= i1-2a)
/2 “1 \ D, “ Ly
S L L
z=4 1 1 = 4 2 2
Rea, Dl et ¢ DZ
or again
Cc D 2
M 2 ( 2 ) €, L =1 (1-2b)
2 c D L
A 1 1 ¢ 2

Equation (1-2a) anc (L-2b) are the same,.
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The third requirement is that

v m v m
1 1 = 2 2
A L n A L n
1 1 1 2 2 2
The polytropic expansion ratio «gi is unity in nearly all practical

2
cases, The cross section A = T 0 s 50 that

4
v D, 2 L
1 2 _ 2 =1 (1-3)
v D L
2 1 1

The fourth requirement is rhat the Reyrnslds rnumber i
mean flow is zero, as it is -he case in passive circuit
requirement drops out.)

ie {Wner the
then the fourth

u 01Q 1}20292
e T TR
o -

or
Ul Dl G?I

%, %) 2, /4

One should note that these similarity laws are developed with the
assumption of lamirar flow ir the =ube, Laminar flcw exists when R_ £ 2000,
The flow in the tube consists of a constant velcciiy and a superimpcsed
oscillatory velocity component., The amplitude ratios are clearly defined
in the laminar flow region, but when the flow extends into the critical
flow region (R £ 2000), the amplitude ratiocs become undefined.

Summarized, the similarity laws for coscillatory pressures in fluid
lines consist of a set of four equations which are:

D 2
w 4 1 A ( 1) =1 (1-1)
w, 22 Al S

2




' D .2 L
1 ( 2) 2 = 1
Vv D L
2 1 1
U D
1 el /42 1 =

1 = 1 (1-2)

(1-3)

1 (1-4)

This set of equatiocns comstitutes a similarity which renders the same
amplitude ratio for a mocde! at ccrresponding freguencies, The dimensions

of the model, :owever, are =-* proportional,

There is a differer-= retween the scaling laws of the final report
of contract NAS 8-1123% s:c the similarity laws cf this report. The tube
length to diameter ratic L was a fixed value, but now has become a

D
variable factor, The similarity equations are indetermined when L 1is a
constant, Therefore, L has o be wvariable, D

-

Example:

D

A model shall be builtr for a passive zircuit for which

the tube diameter is 1/2 the original diameter, and air

of 14,6 psia stall be replaced by CO., of the same pressure,
Index I is used for model 1, Index 27is used for the model 2.,
The following values are given:

D. = 1 D
2 = 1
-]
Aair =  3.82x1077 =  1.235
Aco, 3,092 x 10 7
. -3
Sair = 2,365 x 10 = 0,66
co, 3.58 x 1073
C air = 1130 = 1.285
C 880
co,
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Eguation {1) determirs:s the fresquencies for which equal
amplitude ratios are chtained

Wy . ke x4 W
1,235
W, o g3 W

Equation (2) determines the length of the tute,

L2 = _ie£ldd x 1 Ll
1,285 x .66 x &
= Y L
Lz 4 L

and equatiocn {3 dstermines the volume of the tank of the
model

L%

8]

The dynamic res p cf mcdel (2) is similar to model (1) when

it is built

1.3 Test Equipment

The similarity tests required the following instruments and parts:

A sinusoidal fluid signal generator - figure 1-5,
A set of test tubes and volumes - figure l-6,
Two model KP-15 “PACE" pressure transducers - £
Two model CD25 "PACE" transducer indicators - £
A dual beam oscilloscope - figure 1-2,

A tektronix oscilloscope camera - figure l-2.

4 barometer - figure 1—2.

A mercury monometer - figure 1-2,

Cylinders of compressed carbcon dioxide with pressure reduﬂlpg
valves, interconnection lines, tanks, and valves - figure l-
Cylinders of compressed helium with pressure reducing valves =
figure 1-2,

igure 1-3.
igure 1-3,
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These insctruments are standard latoratory sguipment except for the
sinusoidal fluid signal generator (figure 1-5), and a set of tubes and
tanks {(figure 1-8&),.

Figures 1-2, 1-3;, and 1-7 shcw the test arrangement which is the same
for all tests except for the supply line, The supply line must be adapted
to the varicus gases because it is impcrtant that irn each case the line
delivers constant pressure to the pressure chamber of the signal generator,
A press.re regulator is sufficient for air and helium but not for carbon
dioxide. Carbon dioxide freezes and forms ice in the process of expansion
in the pressure regulator. But ice in the regulator causes random pressure
changes. The forming of ice must be prevented by adding hear and by
expanding in twc stages, In the test arrangement (figure 1-2) a heat gun
blows hot air over the pressure regulatcr ard dEa**es it effectively, 1Imn
order to cushion and smooth any remaining pressure variations the carbon
dioxide erters a tank whlich acts as an accumulator, The pressure in the
tank is kept 25% to 50% above the chamber pressure of the fluid signal
generator and the tank dis:harge s =gu1"“ec by a needle valve, Satisfac-
tory pressure cand::ic v+ obtained with this a::ahgecht. A mercury
wonameter indicates the ¢ ;piy pressure {7 Y. Th. o . as il cnl ity
signal generator, In the :ignal generator the gas flows :h Lgn a fixed
orifice intc a pressure cnamber ard exhausts through a variekle outlet
orifice, A sin::zzidal charge of the cutlet crifice area czzuces a pressure
ine wave in the pressure chamber, (A more complete description is given
below, )

The test tubes are conmected tc the pressure chamber and the rest tanks
are connected to the tubes Since the test tanks are closed, the mean flow
in the tube is zerc \pas_awe circuit)., There is, bowever; an oscillatory
movement of the gas in the tube caused by a pressure difference betwsen
input and output., The :xpu: and the output pressures are picked up by two
YPACE" diaphragm pressure transducers whbch translate the pressures into
electrical signals., The "PACE" pressure transducer indicators ampl ify
the electrical signals for cbservation cf the average value cx a meter
and the AC value on an oscilloscope,

The diaphragm pressure transducers are low inertia sensors and well
capable of following the pressure oscillations up to two or three chousand
Hertz, However, the transducer indicator amplifiers are limited to one
thousand Hertz, Far more important than the average pressures of the input
and output are the instantaneous pressures or pressure oscillations, A
dual beam oscilloscope displays pictures of the irmput and sutput pressure
wave simultaneously., The "PACE'" transducer indicators are easily calibrated
to correlate the display of the oscillcoscope with the gage pressures,
Finally, an oscilloscope Polarcid camera is used to photograph the input -
output traces from which it is possible to determine accurately the frequency
and the pressure amplitudes and to keep a permanent rezsrd of the tests,

A series of input and output pressure pictures s taken for each passive circuit,

All test tubes have the same inside diameter (0.,126) and a cross saction
of 0.0145 square inch, Table 1 contains the dimensions of the cemplete set
of tubes and test tanks,
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L/D Tube Tube Tank Volume Ratio

for Tube Length (in) Volume (in) Vclume Tank - Tube _

1 200 27.2 . 3951 19,756 50 x tube 1

2 150 20,4 «2563 14,817 50 x zube 2

3 100 1.5 « 1976 9,878 50 x tube 2

4 75 10.2 0 1482 7,408 50 x tube 4

5 50 £.8 . 0988 4,929 5C x tube 5

6 37.5 Sl » L0742 2,704 50 x tube 6

7 25 2.4 . 0494 2,470 50 x tube 7

8 18,75 2,55 .027 L.£52 50 x tube 8

9 12.5 1.7 .0247 L4235 50 x -ube 9
0.92% 25 x tute 8
C.0174 25 x tube 9
0,463 12,5 x zube 8
0,3087 12,5 x tube 9
0.232 6.25 x tube 8
0.1544 6.25 x tube 9
0.1157 3.125 x tube 8
06,0772 3.125 x tube 9
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1,4 Description of the Fluid Signai Ggrera:isr

Clear and undisicrred pressure 3.:& waves are & Lreregu.s_.te fZov
exac: measurements, To provide this a mew signal generalior was designed
and built which proluces a 2lean pressire oscillation fflgure 1-3), The
fluid signal generator :is a pechanical devize y: -ga roiatilng wobthle plate
faced by an open jet, Variation cof the distance rzcm the face cf the
plate and the jet produces pressure variations ir th at:a:hed chamber,

s
u—uq.hs bad

At higher frequencies vibration increases, end si

e

gnal diszorti c
be observed, About 200 Her:tz cam be consldered as the “;equency limiz
for measurements using this signal source, Amplitude measuTrements show
large amplicudes for low frequencies and gradually ue"*eab;_g amplv'udes
for higher frequencies 7’ _ ves 1-8 D 2}. A" invention disclosure for

i-1
the apparatus has been surmirted in copplianze with the "new techrnology"
clause of the contract,

The fluid signa: small pressure Chamber
(figure 1-123), which ip iine through a small resirzction
of 1/1é-inch diam ch diameter cutler orifiZe is covered
by a wobble plate drivs an air turtine, One smsll channel leads to
the pressure sensor, anc !inally a 1/8-inch diameter opening serves as

11
connection to the tesi TirIuits,

There is a small adjustable distarce hetween the wobble plate and the
outlet orifice., The slant of the woblle plate determzires the maximum and
minimum distance from the outle: orifice, At constant angular speed the
outlet area charges sinuscidallv, A corresponding pressure change occurs
in the pressure chamber, The shamter pressure is a nonlinear function of
the cutlet area, and a p.:2 sie wave is induced crly for small amplizudes,
Larger pressure cscilisaticns do ot fcllow a pure sire funciicn. However,
a gocd approxima:ticn car be obralred by making a suizable correcticn in the
slant of the wobble plate,

The chamber presw oscillazions change when fluidiz zirczuits ave
connected, To the voiume of the chamber is added the wolume of the circult
which causes lower amplitudes, and second order oscillation disiortiosns cf
the pressure sine wave, Tbls hecessi:a:es measuremert of the chamber pressure |
for each experiment,

The cutput frequency of the generaior can bte determinmed either by
taking cscilloscope pictures and measuring the time fcr cne cyclie, or by
using a frequency counter., The signal generator is mechanizally driven by
an air turbine. The air turktine simply consists of a small spur gear tcwards
which a tangential air jet is directed. Simple and guieti operation char-
acterizes this inexpensive power source., Also the air turbire cannot introduce
electrical distortion into the measurements,
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1.5 Signal Generator for Signals Above 200 Hertz

Pressure oscillations of higher frequercies are desirable for
testing very short lines and very thin lines, The natural frequencies of
such lines are generally higher than 200 Hertz., Lines with higher natural
frequencies may be very practical in fluidic lines to obtain fast response
without change in signal amplitude, The mechanical fluid signal generator
described above can be used for higher frequencies, also, if the rotating
wobble plate is replaced by a vibratiang membrane., An Altec 806A driver
loudspeaker has been used as a replacement for the wobble plate (figure 1-14).
The loudspeaker has a frequency range from 500 to 22,000 cps. It is driven
by an electronic signal generator and amplifier, A piezo type “Sensonic"
transducer is used instead of the "PACE" sensors to be compatible with the
frequency range of the lcudspeaker., The limit for the "PACE" indicator is

1000 Hertz, the "Sensonic" transducer indicates up to 105 Hz,

There are two serictu
the vibration of the memb
waves are transmitted thro:
through the gas in the ture, The ""Sensonic" transducers pick up the sound
waves from the environmerv and from the tube. It is, therefore, impossible
to measure the pure flu:d transmission of the oscillation because the
pressure waves in the {luid tannot be {solated from the sound waves,
Secondly, the membrane of the loudspeaker driver is very soft and the
stagnation pressure of the air jet stops the vibration where the jet hits
the membrane. Only a very minute change in the area of the orifice occurs,
The generated pressure oscillations are not satisfactory.

Another loudspeaker approach was tried. This time, the gas flow and
the compression chamber are eliminate’ {(fizg.vesl-15 and 1-16), The mem-
brane is enclosed and the passive circuit is mounted directly above the
vibrating membrane., Alsc the '"PACE" pressure sensors are used again to
avoid acoustic interference.

The result of this arrangement is satisfactory. The most interesting
oscillatory pressure transfer conditions occur between 200 and 500 Hz,
which is below the specified operating range of the available driver
loudspeaker, The speaker membrare ruptured during a test run.

1.6 Test Plan

The purpdse of the experiments is to prove the practical validity
of the similarity laws. We recall that similarity between circuits exists
when the similarity factors S , To * V , and R, are equal, Re is
AL
zero for passive circuits because the mean flow is zero, The similarity
factors mentioned above contair characteristic values of the fluid as well
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as geometrical relationships. Three different gases have been chosen: air,
carbon dioxide, and helium, with greatly different gas characteristies,

AIR co, HE
- -7 -
Absolute viscosity /aL 3.82 x 10 ! 3,092 x 10 4,05 x 10 7 1b sec
fr2
-3 -3 -4 2
Mass Density & 2.365 x 10 3.58 x 10 3,033 x 10 1lb_sec
A
ft
Velocity of sound C 1130 880 3325 ft/sec
4
Acoustic Reynolds number Qm,7‘92 x 10% 11.55 x 104 2,82 x 10

These values apply for ar --put pressure of 14,6 psia for sir and carbon
dioxide and 13.6 psia for helium., The tests were made at an altitude of
4200 £t above sea level a~d an atmospheric pressure of 12,6 psia. All
test tube diameters are equal but the lengths of the tubes are different,
The lengths have been chosen in such a way that the test tubes and tanks
can be combined conveniently into passive circuits of constant volume
ratios, Experiments were made with two volume ratios, namely: _V = 6,25
AL
and 25, The passive circuits are connected to the pressure chamber of the
fluid signal generator,

The tests themselves consist of the observation and the taking of
pictures of the oscilloscope display. The pressure sine wave frequencies
are changed step by step and pictures are taken from the input and output
wave at each step. This has been done for each passive circuit and for
each gas. Series of pictures were obtained and evaluated for various
frequencies and amplitudes,

But, since these frequencies and amplitudes are not the final result
of the tests, we must go one step further, The final result is obtained
when the amplitude ratios are plotted over the attenuation factor To
for constant damping factor S, It is easy to find ){T‘ when we chose

0
the factor S and remember that the XT is a linear function of the
0
angular velocity ¢ or the frequency f. ;('T can be calculated for each
0
length to volume ratio from the equation

;(-To = 128 s L\ 2 (1-5)
2 D




Now the amplitude ratios can be plotred versus)(T for constant S and
0

various gases, Similarity is obtained when those curves coincide,

1.7 Test Results

The test set-up is shown imn figure 1-2, After calibration of the "PACE"
transducer indicator the testing is rcutine, Chamber pressures of 2 psi
for air and carbon dioxide and 1,0 psi for helium were used, The average
chamber pressure is indicated on the "PACE" transducer indicator. The
frequency is chosen between 3 and 200 Hertz and set by regulating the air
supply to the turbine, The input pressure oscillation is displayed at the
iower part of the oscilloscope picture tube and the output at the upper
part, The following data was entered on each picture: type of gas, ratio
_L , volume ratio, chamber pressure, amplification in the horizontal and

b

vertical direction for the upper and lower beam, and the relation between
pressure and voltage of the “PACE" transducer, Samples are shown on
pages through . These pictures represent three sets of actual
tests, one for air, one f~r carbon dicxide, and one for helium, Each

set delivers one curve of amplitude ratio versus frequency. But, to draw
the amplitude ratio versus frequency the amplitudes are measured and the
amplitude ratio computed, Also the period of pressure oscillation is
measured and the frequency calculated, All the curves obtained in this
manner for various circuit combinations are shown in figures 1-17 through
1-21, All curves for the same gas and the same volume ratio are plotted
on one sheet. Since all tube diameters D are equal and the damping factor
S= wWbD2@ is proportional to the frequency, one can calculate the

4
frequency for any S. Arbitrarily, three factors of S are chosen, namely:
15, 25 and 100, The corresponding frequencies are:

S AIR CO2 He

15 12 6.4 100 Hz
25 20 10,7 166,5 Hz
100 80 42,8 - Hz

2
The attenuation factor ;(TO = 128 _ S ( L ) can now be calculated
2

D
Rea
for each passive circuit and gas and damping factor S (table 2),
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With the attenuation factor ):T known, every corresponding amplitude
0
ratio known, the final curves carn be plotted, Figures1-22 through 1-25 show
these amplitude ratio vs, attenuation factor curves for constant S and V.,
AL
The fact that corresponding curves coincide for various gases and at any
arbitrary damping factor S and volume ratio proves that the similarity law

13 correct,

1.8 Additional Observations

The program to measure experimentally the dynamic behavior of each

passive circuit, or in other words to produce the amplitude ratic vs. frequency
curves, has been rewarding, It eliminated mistakes because the characteristic
path of the curve is so obvious that wrong measurements are detected immediately,
1t provided the amplitude ratios for each circuit at any arbitrarily chosen
frequency or Stokes number; and in addition it gave the possibility of comparing
the various sets of curves, One cannot help but notice, for example, that
the amplitude ratios of the passive circuit for air with _L of 100 and _V

D AL
of 6,25 (figure 1-17) is almost identical with the amplitude ratios of the
circuit with L of 50 and _V__ of 25 (figure 1-20), The same is true for

D AL
other curves, These new facts suggest that there may also be dynamic similarity
between circuits of different volume ratios, Therefore, the assumption of
constant volume ratios may not be necessary. A new, broader law for dynamic
similarity might explain this observation, Such an extended law could mean
that the dynamic behavior of fluid transmission lines could be altered and
controlled by geometric combinations of varying L and V ., A study in
D AL

this direction would be of value for fluidic transmission lines,

1.9 Limitation of the Similarity Laws

1t was indicated earlier that the similarity laws depend on Poiseuille's
law for laminar flow, The limit for this flow region is reached at a Reynolds
number Re of 2000, The critical flow region is entered when R exceeds 2000
and the flow resistamce in a pipe becomes random.

When the experiments were performed with helium; random amplitude ratios
were obtained, Since the mean flow in the tubes of passive circuits is zero,
and only oscillating flew exists, the conclusion was drawn that the instantaneous
velocity exceeded the laminar flow region. In order to drop back into the
laminar region the chamber pressure was lowered from 2.0 psi to 1.0 psi which
produced acceptable results, It shows clearly that the similarity laws are
only valid for the relatively small laminar region, and that the limit is the
maximum instantaneous velocity in the tube,

1-15




Lines for inter-connecting fluidic devices might be affected by this
limitation, Proper control over the dynamic behavior in the turbulent region
and more knowledge in the critical flow region are desirable., 1t is recommended
that & study extend the similarity laws into these regions,

1,10 Conclusion

This report contains the experimental verification of similarity laws
for lines with volumes and in particular for closed passive circuits, It was
necessary to modify slightly the similarity laws of a previous contract
(NAS 8-11236). The similarity laws are:

1 €, A 1) - (1-1)
w2 o2 Wit >,

c

2 ¢, A (Dz\z L - (1-2)
Cl 91 /‘(2 D}_/ Lz

Vv D \2 L

1 ( 2 2 = 1 (1-3)
v, D, L

Y G /“2 Dl = 1 (1-4)
Uy 2 P D,

These laws determine how the geometric parameters and frequencies have
to change for various gases to obtain equal amplitude ratios, The laws are
valid in the laminar flow region,

As by-product, a satisfactory sine wave fluid signal generator has been
developed with a frequency range of 3 to 200 Hz, Attempts to produce a high
frequency generator have not been completely successful,

The results of the experiments point the way for further, valuable

studies and tests which would broaden the knowledge in the field of fluidics
particularily for fluid transmission lines,
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List of Symbols wused in Chapter 1

Pipe cross section

Speed of sound

Pipe diameter

Frequency

Length of pipe

Exponents for polytropic expansion
Chamber pressure
Reynolds number
Acoustic Reynolds number
Stokes Number

Velocity of flow

Tank volume

Attenuation factor
Attenuation factor

Absolute fluid viscosity

Mass Density

Angular velocity
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FIGURE 4. PRESSURE OSCILLATION OF FREQUENCY GENERATOR AT VARIOUS FREQUEN-
CIES AND INFINITE LOAD.
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FIGURE 16. HIGH FREQUENCY SISNAL GENERATOR MODEL 2
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OSCILLOSCOPE PICTURES OF INPUT AND OUTPUT PRESSURE OF PASSIVE CIRCUITS

TUBE TO TANK VOLUME RATIO 6.25

TUBE LENGTH TO DIAMETER L/D = 100

TESTED WITH AIR

CHAMBER PRESSURE 2.0 psi OR 14.6 psio AT 4200 FT ALTITUDE

THE PRESSURE TRANSDUCERS ARE ADJUSTED TO 0.5 psi PER VOLT
THE LOWER CURVE IS THE INPUT, THE UPPER CURVE IS THE OUTRUT

HORIZONTAL SCALE 50
FREQUENCY 5.26
UPPER VERT SCALE .5
LOWER VERT. SCALE .5
UPPER AMPLITUDE .575
LOWER AMPLITUDE .55
AMPLITUDE RATIO 104

HORIZONTAL SCALE 20
FREQUENCY 10.4
UPPER VERT.SCALE .2
LOWER VERT. SCALE .2
UPPER AMPLITUDE  .375
LOWER AMPLITUDE .35
AMPLITUDE RATIO 1.07
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ms/cm
Hz
V/cm
V/cm
psi

psi

ms/cm
Hz
V/cm
V/cm
psi

psi
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HORIZONTAL SCALE
PFREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE

AMPLITUDE RATIO

HOR&ZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER "AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO

20
19.6

.235
.195

15
1.56

ms /cm
Hz
V/cm
V/cm
psi

psi

ms/cm
Hz
V/em
V/cm
psi

psi

ms/cm

V/cm
V/cm
psi

psi
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HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE
AMPLITUDE RATIO

51.2

55

.05
167

.041
4.06

66.5

.20
.08
2.5

ms /cm
Hz
V/cm
V/cm
psi

psi

ms/cm
H2
V/em
V/cm
psi

psi

ms/cm

V/cm
V/cm
psi

psi
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HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE

AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO

5
77
.2
A
.22
167

i.3i

81.5

.198

178
Lot

5
87

.145

.85

ms /cm
Hz
V/cm
V/cm
psi

psi

ms/cm
Hz
V/em
V/cm
psi

psi

ms/cm

V/cm
V/cm
psi

psi
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HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE
AMPLITUDE RATIO

2
100

.075
125

i

.05
108
.46

125

.05

.05
.03
.077
.39

ms /cm
Hz
V/cm
V/cm
psi

psi

ms/cm
Hz
V/em
V/cm
psi

psi

ms/cm

V/em
V/cm
psi

psi
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HORIZONTAL SCALE 2
FREQUENCY 133
UPPER VERT. SCALE .05
LOWER VERT. SCALE .05
UPPER AMPLITUDE .0225
LOWER AMPLITUDE .05I

AMPLITUDE RATIO .44

HORIZONTAL SCALE 2

FREQUENCY 143
UPPER VERT. SCALE .05
LOWER VERT. SCALE .05
UPPER AMPLITUDE .02

LOWER AMPLITUDE .0675
AMPLITUDE RATIO .296

HORIZONTAL SCALE 2
FREQUENCY 161
UPPER VERT. SCALE .05
LOWER VERT. SCALE .05
UPPER AMPLITUDE .05
LOWER AMPLITUDE .0575
AMPLITUDE RATIO .26

ms /cm
Hz
V/cm
V/cm
psi

psi

ms/cm
Hz
V/em
V/cm
psi

psi

ms/cm

V/cm
V/cm
psi

psi




OSCILLOSCOPE PICTURES OF INPUT AND OUTPUT PRESSURE OF PASSIVE CIRCUITS

TUBE TO TANK VOLUME RATIO 6.25

TUBE LENGTH TO DIAMETER L/D = 100

TESTED WITH CARBON DIOXIDE

CHAMBER PRESSURE 2.0 psi OR14.6 psic AT 4200 FT. ALTITUDE

THE PRESSURE TRANSDUCERS ARE ADJUSTED TO 0.5 psi PER VOLT
THE LOWER CURVE IS THE INPUTY, THE UPPER CURVE IS THE OUTRUT

HORIZONTAL SCALE

FREQUENCY

UPPER VERT SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE
AMPLITUDE RATIO
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50
8.2

.75
.74
1.0l

.54
52

.04

ms/cm
Hz
V/cm
V/cm
psi

psi

ms/cm
Hz
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HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE

AMPLITUDE RATIO

FREQUENCY

UPPER VERT SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE
AMPLITUDE RATIO
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ms /cm
Hz
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psi

psi
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HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE

AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE
AMPLITUDE RATIO
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10
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A
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Hz
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Hz
V/em
V/cm
psi

psi

ms/cm

V/em
V/cm
psi

psi




S e SRR e MR e e
e ¥ g ¥ Y

s

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE

LOWER VERT. SCALE

UPPER AMPLITUDE
LOWER AMPLITUDE

AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE

AMPLITUDE RATIO
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41

N
.05
.34
.095
3.5

44

.05
.345
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4.6

38
.09
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ms /cm
Hz
V/cm
V/cm
psi

psi

ms/cm
Hz
V/em
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psi

psi

ms/cm
H2z
V/cm
V/cm
psi
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HORIZONTAL SCALE 10 ms /cm

FREQUENCY 51 Hz
UPPER VERT. SCALE .| V/cm
LOWER VERT. SCALE .05 V/cm
UPPER AMPLITUDE .43 psi
LOWER AMPLITUDE .I155 psi

AMPLITUDE RATIO 278 1
|
4
\
\
\
\
|

HORIZONTAL SCALE 10 ms/cm
FREQUENCY 54 Hz
UPPER VERT SCALE i V/em “
LOWER VERT. SCALE 0§ V/cm :
UPPER AMPLITUDE .455 psi |
LOWER AMPLITUDE .21 psi

AMPLITUDE RATIO 2.16

t HORIZONTAL SCALE 10 ms/cm
FREQUENCY 56 Hz |
UPPER VERT. SCALE .2 V/em

} LOWER VERT. SCALE .I V/cm
UPPER AMPLITUDE .54 psi

l, LOWER AMPLITUDE .32 psi

AMPLITUDE RATIO 1.69
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HORIZONTAL SCALE

FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO
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.41
.43
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71
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Hz
V/cm
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psi
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HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE
AMPLITUDE RATIO

100
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ms/cm
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OSCILLOSCOPE PICTURES OF INPUT AND OUTPUT PRESSURE OF PASSIVE CIRCUITS

TUBE TO TANK VOLUME RATIO 6.25
TUBE LENGTH TO DIAMETER L/D = 100

TESTED WITH HELIUM

CHAMBER PRESSURE 1.LO psi OR 13.6 psio AT 4200 FT. ALTITUDE

THE PRESSURE TRANSDUCERS ARE ADJUSTED TO 0.1 psi PER VOLT

THE LOWER CURVE IS THE INPUT, THE UPPER CURVE IS THE OUTRUT

HORIZONTAL SCALE
FREQUENCY

UPPER VERT SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE
AMPLITUDE RATIO

5
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5
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.5
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ms/cm
Hz
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psi
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Hz
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HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE
LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO

HORIZONTAL SCALE
FREQUENCY

UPPER VERT. SCALE
LOWER VERT. SCALE
UPPER AMPLITUDE

LOWER AMPLITUDE
AMPLITUDE RATIO

5
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.5

.2
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.0362
2.2
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.08
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2.65
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.08
.0385
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ms /cm
Hz
V/cm
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psi

psi

ms/cm
Hz
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ms/cm
Hz
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HORIZONTAL SCALE 2
FREQUENCY 175
UPPER VERT. SCALE .2
LOWER VERT. SCALE .2
UPPER AMPLITUDE .076
LOWER AMPLITUDE .092
AMPLITUDE RATIO .825

HORIZONTAL SCALE 2
FREQUENCY 167
UPPER VERT SCALE .2
LOWER VERT. SCALE .2
UPPER AMPLITUDE .o7!

LOWER AMPLITUDE .084
AMPLITUDE RATIO .845

HORIZONTAL SCALE 2
FREQUENCY 185
UPPER VERT. SCALE .2
LOWER VERT. SCALE .2
UPPER AMPLITUDE .044
LOWER AMPLITUDE .072
AMPLITUDE RATIO .59

ms /cm
Hz
V/cm
V/cm
psi

psi

ms/cm
Hz
V/em
V/cm
psi

psi

ms/cm
Hz
V/cm
V/cm
psi
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Chapter 2 sStudies Leading to Pressure Regulator Development

2.1 1Introduction

The pressure regulator of a fluidic system might be compared
to the power supply of an electronic system, The components used
to make up the system are designed to operate at a specified pressure
level and do not always perform well at other pressures, This is
particularly true of proportional devices, where an extreme sensitivity
to pressure variations is exhibited,

There are three parameters to be considered in pressure regulation:

l. Primary supply pressure variations
2, Variations in load
3. Variations in the ambient pressure,

The primary supply of fluid may originate at a pump or within a
fixed volume, high pressure source. 1In either case, the pressure at
which the fluid is supplied cannot be expected to be constant; if {t
were, there would be no need for pressure regulation, only pressure
reduction,

The load consists of the units being supplied with fluid from the
regulator at the regulated pressure. This includes components incidental
to the regulation as well as those in the fluidic system, Variations in
load must be expected whenever variable flow devices are used and must be
accommodated by the regulation unit or system,

The importance of ambient pressures may not be immediately apparent
until it is remembered that the pressure drop across a component vented
to atmosphere is a drop between supply and ambient pressures, For air-
borne fluidic systems the ambient pressures may vary widely, A unit
operating at a subcritical pressure ratio at sea level soon finds itself
cpcrating im Critical pressure ratios as the vehicle ascends, In many |
cases, the performance of a unit under such circumstances changes radically,
Fluidic operational amplifiers have been found to be sensitive to ambient
changes encountered due to change in location within the United States,
suggesting that supply pressure for the unit should be specified as a
supply pressure ratio rather than a simple gage pressure, and emphasizing
the importance of pressure ratio regulation,

The need for pressure regulation devices -- or more specifically,
pressure ratio regulation devices, is apparent, For the purposes of
the study reported herein, the regulation was specified to be accomplished
with pure fluid devices -- that is, devices with no moving parts, The
desired regulated pressure ratios were taken to be 2:1 to 3:1, and
regulation was to be accurate to within plus or minus two per cent (+« 22).
Flow rates through the regulator were set at 0.5 1b/min, with air as
the working fluid. Although these figures were somewhat arbitrarily
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chosen, they are representative of supply requirements of components
in operation today,

Two concepts of pure fluid pressure ratio regulation were taken
under study. The first was based upon a single unit, presumably a
proportional valve, operating in a self regulating mode, while the
second made use of numerous components operating in concert to form
a pressure regulation system, As will be seen in subsequent paragraphs,
the first approach, while showing some promise of success, ultimately
requires the support of additional components, thereby degenerating into
the category of the second concept,

2,2 seif Reguiation -- Variable Supply Pressure

Self regulation is accomplished by a unit performing all pressure
regulation functions within itself, Unregulated supply pressure goes
into the unit, and regulated pressure comes out, This implies control
based upon the pressures or flows on each side of the unit,

Consider, first, & self regulating component required to regulate
only variations in supply pressure, Without specifying the type of
unit to be used, assume its operation
can be described in terms of pressures
alone, Then, based upon the diagram

——— — — 7
r ‘ shown, the output pressure may be
| K | described as
| 1|
= } P e Poz——BPO Ps’Kch’Ps
1 1 d Bg SPC
(2-1)
= b Po + K ; Pc' Ps
- .. o Fs > E.
rigure Z-1 - J
If the output is to be insensitive to supply pressure variations,
D PO = 0= D PO + K 9 PO
aPs C)Ps aPc (2-2)

in which case

K= - %o/ der,
al’o/a . (2-3)




If the output pressure sensitivity to control is greater than its
sensitivity to supply, QE BP
[~4

e

ok DF , then the constant K is 2
simple restrictor, or resistance, whose value may be specified from the
known characteristics of the chosen unit. This simple derivation, then,
suggests that through the self regulation procedure of feeding unregulated
supply pressure forward to be used as control pressure, perfect compensation
for supply pressure variations can be realized — provided, of course,
the unit being used has the assumed linearitye.

r P

2.2.1 Impact ModulatoXr

The above theory was examined in practice with the use of
an impact modulator. This proportional valve was developed by the Johnson
Service Company. Its operation is based upon controlling the impact of
stagnation point hetween two opposing sireams. The streams are generated
by a primary and secondary supply pressure, each applied to its own
convergent nozzle. The secondary nozzle is enclosed by a collector
chamber which, in turn, feeds the output tubes. The secondary supply
pressure is adjusted to bring the impact, or stagnation point between
the two streams intc, or near the boundary of, the collector chamber.
A control jet is located adjacent to the primary supply nozzle, but
with its axis normal to that of the nozzle. Any flow through the
control jet tends to weaken the primary stream, thereby moving the
jimpact point toward the primary nozzle and away from the collector
chamber. The end result, of course, is a decrease in output pressure.
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Figure 2-2
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Typical performance characteristics of the impact modulator are shown
In figures 2-3a and 2-3b. The first figure presents data for a 1/2 inch
ciameter unit having 0.025 inch diameter jets. The secondary supply
pressure was adjusted for maximur output pressure without input flow. The
data in the second figure shows the characteristics of the unit when the
secondary pressure is adjusted for maximum gain. In both cases the output
was blocked; since there was no output flow, the output pressures shown
are peak values to be expected from a unit of this size.

The impact modulator is extremely sensitive to the secondary supply
pressure adjustment, as shown in figure 2-4, The dashed line represents
a locus of points for which no secondary pressure is supplied. If the
secondary port were plugged and the pressure within it were measured,
the pressures would fall on this dashed line. It suggests that the
blecked secondary port would have pressures in excess of the output
pressures; this, of course, is due to the additional stagnation pressure
increment that the output ports cannot sense. The figure implies that
the impact modulator could be operated without secondary supply pressures
without compromising its performance. This is true, but the secondary
supply does improve the linearity of the unite

The experimental results of the impact modulator cperating in
a self regulating mode are shown in figure 2-5. The supply pressure
was fed forward, through a needle valve, to the control port. The
needle valve was adjusted such that the control pressure was a fraction
(K) of the supply pressure. Since the needle valves are not linear
resirictors, the resistance settings were all measured at a supply
pressure of 8 psig.e The constant K is defined in figure 2-1 as

=y (2-4)

and is used in that manner in figure 2-5. As the amount of control is
increased, the curves of output versus supply pressures become flatter.
fiien ihe consiant K is increased to U.25U, the point of cptimum performance
appears to have been passed. The fact that the curves do not become
completely flat was attributed to the nonlinearity of the unit itself
(see figure 2-3) and the needle valve. When calibrated, howevey the
latter showed itself to have surprisingly good characteristics, as seen
in figure 2-6. A capillary tube was selected to provide a resistance in
the most desirable range, and the impact modulator was tested with it in
place of the needle valve, That data is shown in figure 2=5, and the
characteristics of the capillary alone are shown in figure 2-6.

Consider the curve for the unit with the capiilary tube in figure
2=5. 1If the nominal output pressure were chosen as 3.25 psig, then a
two per cent variation would allow the output pressure to vary from 3.185
to 303125 psig. The curve shows the output pressure to remain within
this range while supply pressure drops as low as 6.75 psig, or rises as
high as 10.25 psig. If the midpoint of this supply pressure range is
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taken as the nominal value, then the unit has regulated its output
Fressure to within 2% while the Supply pressure has varied doox.

Although the concept of self regulation for supply pressure variations
has been demonstrated in both theory and experiment; it must be noted that
at this point the demonstrations have little value. The unit used in the
experiment had a blocked output. Although this was consistent with the
theory, which made no stipulations about output flow, it would be of little
value as a pressure regulator in a system where other components have to be
driven by the regulator's output. However, it will be shown that the con-
clusion drawn in the pressure-based theory above — €eJes equation 2«3 o
is still valid when the derivation is based upon flow considerations. This
is a by-product of the study of self regulation when both supply pressure
and load variations are considered, and that is the next topic of discussion.

203 Self Regulation = Variabie Supply Pressure and Lload

This concept is a simple and logical extension of the one considered
above. In this case the regulated pressure, the cutput of the regulator,
is modified by some factor Ky, and fed back to the regulating unit as another
—————— control signal. In this
| ,J}{ — | case the rate of flow through
i ;¥3 the load, or the drain of
’ ‘o IIJ -—*;Fg_ power felt by the regulator,

S | mist be considered. The
l f K ‘ problem is therefore analyzed
: 2 ! in terms of flows rather than
—_—— = = pressures; each unit within
Figure 2-7 the system is treated as an

equivalent orifice. The flow
through the load is taken from the orifice equation.

QL: ‘Lﬂ AL \i%(E‘E)
= KL J(E'E\) (2-5)

Similarly, the regulator without control is described as :

Qr= ke Ar {%(E‘E) ;
= Ke {(BR) (2-6) :
With control, |

Gl A LA T ey

In this case Kg and K, are equivalent crifice constants for the control
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signals from the supply and output sides of the regulator, respectively.
They account for the combined effects of the functions K;j and Ky, and
the control jet.

< 7% - KIET KRR (2-2)
KRR = KRR = KARR =2

The pressures P% and Pp are the pressures existing between the functions
e

Ky and K2 and the control jet. These equations represent the control
flows from the two sides of the regulating unit.

The flow through the regulating unit must equal the sum of the
flows on the output side.

Qr = Qc,,"' Q. (2-10)

KR4.PS.':ﬁ’ +%%i }’(S\X-Ps?a = EKL-P Ko (1- %}} {E‘ 2 (2-11)

The effect of supply pressure variations upon output pressure 1is
found by taking the partial derivative:-

Kr +BQR Ks
2B & 2{R-R (2-12)

KR - _ S0\ L
= RS sEE

Te make the output nressure indenandent of supply preccure variationeg,
the numerator of this equation must vanish.

Ke .0k K, _ e, e X 0

B

>

o0

[l

T ok elm®m | ot o2& 2{RW® =

or

K. plat Se (2-13)

e . w—

S —
e®R 2%,
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In equation (2-8), the constant Kg was shown to be a function of both

the function K; and the control jet orifice constant K.. Hence, defining
Kg allows further definition of the function K;. From (2-13) it is seen
that the function K; is proportional to the regulator output sensitivity

to supply pressure, and inversely proportional to the regulator output
sensitivity to control flow. This is the same relationship found in (2-3)
where pressures alone were considered, so the conclusion drawn there is
still valid when the theory is based upon flow rates,

The effect of load variations upon the output pressure can be
determined through the partial derivation

OFP 2 (Ps"Po) Py-Pq
KO = P (2-14)
oK K JE- B, 4§k ok (1 - ggr\)z.l P-F,
C

Since the numerator cannot vanish unless either the regulator or the load
do, it is not possible to make output pressure independent of the load,
However, the interactions may be minimized by forcing the equation to

a minimum value, There is only one parameter that can be varied: K,

the eguivalent orifice constant of the feedback loop. All others are
dependent upon the characteristics of the unit used for regulation, and
the load it must drive, Since the performance parameter AQr/ has a

2 Qc

negative sign, all terms in the denominator are positive, Hence, the
function K, must be made as large as possible, suggesting that it is

not a resistance at all, but an amplifier with considerable gain., Since
amplification involves additional components, the regulator is no longer
a single unit, and the concept of self regulation must be proclaimed
inadequate to regulate output pressures in the presence of variable loads,

2.4 Pressure Regulation System

A pressure regulation system consists of a group of components operating
together with the primary purpose of regulating the system output pressure,
In its generalized form, the system consists of a controlling apparatus (V),
a sensor (S), and intermediate elements
(K) as may be required by the components
being used. The basic theory of a
regulation system is similar to that
considered above; the detail theory
and analysis is dependent upon the
particular components being applied.

oU
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x

s

AF -7
}

Figure 2-8
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2.4,1 Pressure Sensor

1 Convergent - Divergent Nozzle
2, Orifice - Venturi Combination
3. Pressure Jet Oscillator.

None was found Suitable for Pressure ratjo Sensing withip the confineg
of the Pressure ratjog and acCuracijies Specifjed earlier jip this report,

2:4.1,1 Convergent - Diveroent Nozzle

Perfect gas and:sentropic flow, en several basic €quations can be
Written,
P = ﬁ!%“%?ti‘ (perfect gag law) (2-15)
m = /q Cw = Const, (Conservatjoq of mass) (2-16)

v
<
<
o
=
3

oo
i
TN
—
+
-4
i
2
O
A
~
N
]
[
[o¢]
~

z
% = (L+ ‘—,‘E‘ 1\’12) - (2-19)

Consider the conVergent»divergent nozzle, and take any two pointg
and ( )2, withip it. Then




and at ( )1,

-£
%z (L+ % ?) | (2-22)
Then .
-X
B[l EM )
ix 1+ =g
bt z 14
s ~ -1 T
(+EMA" =&
and [ r]?
RV o T \
(i“%M,) - T, (2-25)
Then X
2 ‘Ta)v-t
AT

Going back to the area ratio equation with this last expression,

5 ) 1
A _—:(_TE)MME(_'E) e_ _]}i.(_‘]:‘z_)z(x-n
AE. T Mp 'T; - M' T
At the throat, ( )ps the Mach number is 1,0, Then
A T\ L
T r (2l _ 2(y-
A =M/_’1_:') | =M[§Q(i+§éjma)] X (2-28)
X
= 2 ¥l a2\ | &=
= X‘g:l (1+ M )] (2-29)

(2-23)

(2-24)

(2-26)

(2-27)

If the pressure in the denominator of the ratio is taken as the
supply pressure p_, then the corresponding Mach number is zero at the
source, as the supply is assumed to be very large as compared to the flow

rates,

¥
Then, E _ (:a_)?l‘—:l
AR RS

(2-30)

for air, X‘: l.4, and = 0,527, the critiral pressure ratio,

Ay
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If the pressure in the denominator of the
as exhaust pressure,
be ambient, then

pressure ratio is taken

at the nozzle exit, and that pressure is assumed to

¥
B_[2 4. Z]?T\
iR “[h"*-i (L ame) (2-31)
Solving for exhaust Mach number,
-l
2_ 2 ¥l (B\F }
Me:‘fﬂl’é’(ﬁx -1 (2-32)

This can be written in terms of
by writine

L 3 234

the total pressure drop across the nozzle

P

R T -_S (2-33)
P TP P
and remembering that aﬁ | s a
P_r)? 2 (2-34)
Py g+1
Then ¥-1
ARy (2-35)

2
M

T ¥ L\ P, )

s
—_ J’_J

Now that all the nozzle equations that might be needed have been

developed, go back and take a look at the initial proposition.
said the nozzle would be designed to operate at a given pressure

-~ B
’ > . ‘

' S :
A
AN .7

~ _

Figure 2-9

It

ratio
(Pg/Pg)x, such that P=P,. That

is, the air is completely expanded

at the nozzle exit, The nozzle's
design parameters are then described
by equations (2-28) and (2-35). To
define the areas more specifically,
thai is, to describe the throat and
exit areas as areas rather than ratios,
requires an additional requirement,
presumably a maximum allowable flow rate,

Equations (2-28) and (2-35) can be combined to yield the design area ratio

%=

% el ‘?“1)
E; Ig- ﬁ? 2(¥w-1
1 [1+(E)* ‘i]
¥+|

(2-36) -
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The additional requirement — maximum mass flow — can be derived from
the Conservation of Mass equation (2-16),

m=FAu (2-16)

where € is mass density (slugs/cu.ft,). Inserting equations (2-15)

and (2-17),

ra——— . - 17y
=J_Bl__ AL P tem2nd
ERT 5
It
At the throat, My = 1.0, P = =(‘E) _Ps from (2-30). The supply

pressure can be described in terms of the ambient through the design
pressure ratio, Py =(P° ) Pa Thegs

*
E
m= 5= A () ( E)
1g®T "m\ T/ R (2-38)
Given a maximum allowable mass flow ;, the throat area becomes
X —
A = |BFRT (tei\e _m (2-39)
T e -~ = [
N
Given the nozzle designed for a given pressure ratio, the
pressures through it are related as
P = B, Bo {2-40)
P, Py P,

P P
But _° = (_‘f_) the design pressure ratio, and Ps/Pt: was given by

equation (2-30) as the critical pressure ratio. Hence, the above becomes

3, - () B

The rate of change of exhaust pressure with supply pressure is

2% _ 2k  DF

T (2-42)

aPS 2 PT b Ps

2=16




The first term on the right is taken from (2-41),

x>
e, (%)%
e . 22/ (2-43)
OFr <Ps)
Py /x

The second term on the right is taker from equation (2-30),

oF

T L]
= i
P

oFs

(2-44)

Taen, ¥

P Pe < K“f‘l >&’I i
o By 2 : (PS/P\ (2-45)

For air, 6*: 1.4, and

>P
e _ 1,892
P, [P (2-46)
o ¥s ( §/§;>*
or
P
>Pe - 1.892 9 5 (2-47)
P P
Py P s
Since 5 = (/Pia* « This says th?fpif the supply pressure P, is to be
regulated to within two per cent (; 2 = .02), then the exhaust pressure
s

mst be sensed to within 3.8 per cent, Since the nominal exhaust pressure
is ambient, or atmospheric pressure, the maximum variation in exhaust
pressure will be about 0.56 psi at sea level (P, = 14,7 psia). That is,
the maximum output of the sensor is 0.56 psi.

From a practical point of view, it behooves us to investigate
what size the convergent-divergent nozzle sensor will be for the pressure
ratios in question, Regulation is required for supply pressures running
two to three times ambient. Notice that the lowest pressure ratio that
can be sensed with the convergent-divergent nozzle sensor is the reciprocal
of the critical ratio, or 1,892,

2=17




¢

The ratios of throat to exit area are

I ' T given by equation (2-36), The throat
; : = I A area is given by equation (2-39), Given
E - o a nozzle expansion half angle ¢ , the

l 9 i length of the divergent portion of the

nozzle is given as
Figure 2-10

j‘—'— le-= cé-Jr

Tonat 2 Zanx

c/e__i_ 1"“\’(__%):

or

L _ 4L 1-F
C/ o T n - r
4 27;0( J(HEJ# 275”% {2-48)

To get some numerical values of a practical nozzle, assume three flow
rates — 0,25, 0,50 and 0,75 lbs/minute — and the two pressure ratios,
2 and 3.

Wt. Flow, lbs/min.  : .25 .50 .75
1bs/sec, : 00416 .00833 ,0125
Flow Rate, CFM +0545 .109 .1635
Mass Flow, slug/sec, 1.292x107% 2.59x10"% 3.88x10™%
N 2 s 2 s 2 s
ATxIO « s8q. ft. ; 461 . 30R Q9925 .hlA 1_32832 .Qa22
dpxl0%, ft. : . 767 .626 1,085 .886 1,33 1.083
d in, .092 .0751 ,1301 ,.1061 ,1596 .13
[( .%3\):%' 1] : .2196 .3685 !
[(%)fa“ 11 & . 468 .606 |
(@/R)-;gg : «553 .39 |
(PT/;EL .998 914 ;
(C/T/cfe);e .999 .956
‘O/c/r (x=¢°) 0476 . 2290
length, in. ;00438 0172 00618 0243 0075 ower ;
2-18




These figures are plotted in figure 2-11, Note that the numbers
are very small — that is, the throat diameters and nozzle lengths are
very small, but the latter is noticeably so., With nozzles of such sizes

than the critical ratio (1.892), so the throat is barely choked and the
flow at the exit is barely supersonic, From the point of view of using
the convergent-divergent nozzle as a pressure ratio sensor, it must be

concluded that the Pressure ratios of interest are too low to make this
Sensor a practical device,

—e /32"
15+ + + + 1.03 -+ + +
P
(P—s) =3
dT a *
(IN) | —» /8"
P
i0 + + Diph)e2 4
]
Q dr
(CFM)
"l/lG“ Q
.05 ¢+ -+ +
THROAT DIAMETER
AND
VOLUME FLOW RATE DIVERGENT : NOZZLE LENGTH
) 25 .50 75 0 25 .50 75

FLOW RATE (¥ /MIN.)

Convetgent-nivergent Nozzle
Figure 2-11
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2.4.1.2. Venturi - Orifice Combination

The venturi tube has been proposed as an alternate sensor
for the pressure regulator. There were probably two reasons behind
this suggestion: 1) the convergent-divergent nozzle failed to present
an adequate solution to the sensor problem because the pressure ratios
of interest were too low. The venturi tube, being a device for low
pressure ratios - or low pressure differences - may have been envisioned
as an adequate solution to the convergent-divergent nozzle's shortcoming.
2) A pressure ratio regulator had been developed by or for the Lycoming
Division of Avco for use as a control device on a gas turbine engine,
1t was reported that this was a pure fluid device, and therefore excited

no small amount of interest.

Unfortunately, both reasons failed to live up to their promise.
The Lycoming device, while it did use a venturi tube as a sensor, was
not a pure fluid device. 1t made use of diaphram operated poppet valves
and spring loaded pistons, and must, therefore, be discarded from further
consideration in this study.

That the venturi tube operates at low pressure ratios or low pressure
differences is true, but if the venturi alone is used at pressure ratios of
2 or 3, the device will be choked,
since even the lower ratio is greater

r"~\\\__"_,,/f"‘—‘1 ,FD than the critical pressure ratio,
-

The pressure at the throat is then

S ‘EI—/\J PT = PS
R (%)
P )ecrit. (2-49)
Figure 2-12

and the pressure difference usually sensed by the venturi tube is

(=)
P_-P. = Pg Pcrit._-j-

S T
)
P Jecrit, (2-50)

and has no bearing upon the pressure ratio of interest (Ps/Pa). It is
necessary to decrease the pressure drop across the tube to something

less than the critical value. This can be done by placing the venturi
tube in series with a flow control orifice. Consider both the orifice

B

— ] T:D ‘\‘_,//”7
: 2 'K' /.—\_; a
i % 5

Figure 2-13
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and the venturi to have the effect of a simple orifice, and to restrict
the flow according to the orifice law,

Q = KA A}EG%:E_ (2-51)

The coefficient for the orifice ( )} has a value of about 0.6 for diameter
ratios (D,;/D) less than 0,30, while the coefficient for the venturi has
a value o% about 0.96 for a tube of small diameter,

The flow through the orifice and venturi are, respectively,

Q = K4, 4’2&%;?*) (2-52)
Q= ka, | 2(RRY) (2-53)
6

Equating these two equations, since the flow through both restrictions
must be the same,

[ (i) = e

, z
K14; 2 KIAI
P, | le| — =P +| =] P
K A a K A o
272 22

P 2 2 a
* = (2-54)
P
a (KlAl )2
- +1
KzA 2

Assuming the first orifice is the critical one for flow regulation, the
flow rate is

Q= KA g_Z_ }:Po - Ko~ pa 'Pa] 1/2
14W

(2-55)
where

K- (&)

282
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To determine the characteristics of the flow through the venturi
tube it is necessary to go to Bernoulli's equation,

Vi BB
RA- il =0
'&5 w (2=56)

and solve for the throat pressure, Poe

—_ - £
M= ™ 2 Vo= Vy) (2-57)

The area of the pipe upstream of the venturi is Ay. The velocity of flow
in this pipe is V= Q/Ax, and the velocity in the throat is Vo= Q/As.

Then
_FB+E Q‘e[A:-A:/
T 1+ K c

ATAr (2-58)
Inserting the square of equation (2-55), we find
B 2
B Warl oniAs) B Xk ]
2 1+ K "VAAILR I+
1+ 1A R *[%/{ATIR] i3
1+ 1+% R (2-59)

where

_ Ae-hAs
R = AZ AT

The pressure P, is the output pressure of the venturi tube. To find the
effect of variations in supply pressure P, upon the sensed pressure P,
take the derivative of equation (2-59) with respect to Pg.

rI KR\~ & 1‘5’2.
SR YRR (KRN A

2% T+K T (Y

(2-60)

——
—

DI AR AN
KA (/(:(z;’)%k‘g‘
! / 2 2
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The terms K; represent the ratios of A; to the tube area a,.

Assuming the orifice coefficient to be K} = 0.6, and the equivalent
orifice coefficient of the venturi to be K= 0,96, and assigning the
venturi ratio Ay= 0.25 (i,e,, dy= 0.5), equation (2-60) becomes

r 2
:; P2 = »0482 /ql

P —
© %o .3@Af...0576

(2-61)

Numerical solution of this equation yields the following:

Ay 0.25, K)= 0.6, K= 0,96

S I  F T E T L L R L N N
E A A e R S 2 T 2 7 2

- --------u----------_----_-—------a----------_-------n-

:J%éﬁ? 0925 -0816 : ,0669 0481 .0268 ,00788 ©

It had been assumed that the orifice (). is the limiting factor in the flow

rate. Hence, the maximum orifice area ratio A} which is valid here is that
ratio which allows AKy = AK,. Then

_ AK _
A = 22 = ,25:96 = .40
max Ky .6

If the venturi area ratio Ké= 0.0625 (i,e., Eé: 0.25), the above
becomes

A2
>P2 = .02875A1

oFo

—, (2-62)

and the numerical solution is

A52 0.0625, K= 0.6, K= 0.96
Ay .3 2 1 .1 .05 0
x L0719 064 : .04 .0L6 0
4R

The limiting orifice area ratio is

- A K
A = 22 = ,0625 ;29 = ,10
1 max, —_ b
Ky

2=23




The pressure ratio across the serond orifice, the venturi tube,
was given in equation (2-54). The pressure ratio across the first
orifice can be computed from the relatiorship

P
Po 0/Pa
Px _ Px (2-63)
/P
a
For the first set of conditions (X4= 0.25), equation (2-54) becomes
- 2 i
Fe 1.0 A1, L0578
Py e = %
.36 4] + .0576 (2-64)

The pressure ratios across the two orifices are computed as:

o]
A= 0.25, K= 0.6, K= 0.96, /P.= 3.0
A .5 4 .3 .2 .1 0
By 2.22 2.002 1.72 1.40 1.118 1.0
“a
P 1.35 1.50 1.7 2.14 2.68 3.0
°/p,

For the second set of conditions (Ké= 0.0625), equation (2-54) becomes
2
Py 1.08 1 + .0036 .
Py = p—) {2-65)
<36 A+ . 0036

and the pressure ratios across the orifices become:

4 = 0.0625, K= 0.6

2 2
A .15 .10 .05 0
1
P*
/By 2,385  1.86 1.40 1.0
PO
/p, 1.256 1.61 2.14 3.0

These data are plotted in figure 2-14,

The magnitude of the pressure sensed at the throat ( )2 is given by
equation (2-59). When expanded, this equation becomes

B _ K AR PO KA -1 17 E
= K72/$;L1‘ AEZ;Zj

(2-66)

®
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06 ¢ + + +
dy=.25, dp =.50
DESIGN
051 RecioN ForR * .
dp= .‘.\25 F y;
.04 ¢ + + +
APZ
30 ;‘ DESIGN REGION
FOR dz:.s
o34 | +
x %
.02 ¢+ ‘ + + 1
} ] i * 2 _
ot ! - j Po Px Pa
X ) - ~—
! | Apz A /Ay
I _2= dz/dg
T 3 .4 5
! A
Po l
?; l CRITICAL PRESSURE RATIO
| . .
\X F2=.50
.
+ + +
MAX ORIFICE MAX ORIFICE 6
FOR dp = .25 FOR dp =.5
P
o
—=3.0
Pg
0 i 2 3 4 5

ORIFICE AREA RATIO A,
FIGURE 2-14. ORIFICE-VENTUR!I COMBINATION
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For the first set of assumed conditions a:5: 0.25) and a pressure ratio

of 3,0 from supply to ambient, the rumeric~! values of the equation becoms

ig = ,0576 s ,4573 "1
P, .0576 + .36 .2 (2-67)
1
<. ) Po/
h = 0,25, Kf‘: 0.6, K2== 0,96, Pg= 3.0
8 .5 o4 .3 .2 .1 0
)
‘p, 1.163 1.132 1,098 1,052 1,019 1.0

For the second set of assumed conditions (A.= 0.0625) and a supply
pressure ratic of 3,0, the numerical values become:

-2
T2= ,0036 s 4171 (2-68)
3
Fa  ,0036 5 .36 A,
Po,
hy= 0.0625, K= 0.6, Ky 0.96, “/Pg= 3.0
Zi .15 .10 .05 0
P, 1.11 1.08 1.03 1,0
ik:a

These data are found plotted in figure 2-15,

The pressures sensed at the venturi throat are seen to vary from
1,05 to 1.13 times ambient, depending upon the design parameters. For a
nominal sea level atmospheric ambient (Paé 14,7 psi), the sensed pressures
will vary from 0.7 to 1,9 psig. These are adequate pressures, but it must
be noted that the throat pressure alone gives no information about the
supply pressure ratio. It only indicates the supply pressure. The supply
pressure ratio is given when the throat pressure ratio is used; that is,
the ratio of pressure from the throat to ambient. This implies the use
of ambient sensitive components in the feedback element.
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1.16 -l-
DESIGN REGION
_FOR ?®
d,:.25 VARE
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x
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@
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a
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g .04 + + +
1.00 + + + + t+
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Venturi-Qrifice Combination
Figure 2-15
In its Standard mode of utilizatiou, the venturg tube gives a
Pressure difference between the input -. Py, in thig €ase -- and throat
Pressures, Thig 14 given by a difference between €quations (2-54)
and (2-66),
25%,,2 -
LR Ak (1-A)(B - q)
F 2
R KARAAE 5 (2-69)
In terms of Pressures rather than ratios,
252,
l’(l H} 2 ok
—E——P :}(2—2 12 (I—gz)(E:%B
P A (2-70)



4gain, the pressure difference given by the venturi tube gives no
information about the supply pressure ratio, but rather the supply
guage pressure,

One other point should be made about the use of the venturi; it
concerns the practical aspects of applying this unit as a pressure sensor.
As with the convergent-divergent nozzle, it is the practical aspects of
the application that cause the unit to be discarded. 1In this case it
concerns the rate of change of sensed throat pressure with supply pressure
as shown in the graph. Values of the derivative vary from 0.025 to 0,067,
For a supply pressure variation cf twc per cemt, the sensed pressure wiil
have a maximum variation of 0,05 to 0.134 per cent, or only 0.035 to
0.255 psi., 1f the sensor parameter can be selected such that it operates
closer to the upper figure, it can be practical, However, even in this
case, the need for the sensor must be seriously questioned since the feed-
back elements must still be capable of interpreting the signal as representing
a ratio rather than a pressure. If they are able to do that, they should
be able to do the same thing when supplied with the regulated supply pressure
directly. Hence, the venturi - orifice combination, while being a workable
solution to the sensing problem, does not offer all that might be desired.

2.4.1.3 Pressure Jet Oscillator

The pressure jet oscillator is a device consisting of two
convergent nozzles, each opening through a plate or wall whose area is
large compared to the throat area, oriented such that their nozzles face
one another on a common axis, One nozzle is supplied with air at the
supply pressure, while the other is connected tc a closed volume, known
as the chamber, The pressure jet oscillator has a characteristic of
providing an oscillation in chamber pressure, accompanied by a well
defined and distinctive change in sound when it switches, The frequency
of oscillation is a function of the supply pressure, chamber volume and
separation between the two nozzles, The frequency is stable and consistent,
Figure 2-16 shows typical variations in chamber pressure as the separation
is varied. For all separations greater than 0,026 inches, there are
oscillations, some with rather large variations in chamber pressures,

While making preliminary tests on this unit, it was found that the
chamber pressure seemed to be proportional to the supply pressure when
the unit was not oscillating. It was therefore suggested that the pressure
jet oscillator, used in a nonoscillating mode, might be an adequate sensor
for the pressure regulator.

A series of tests were run on an oscillator with small gap (0.007 inches)
and relatively low supply pressures such as would be used for the pressure
regulator, A small pressure chamber was used to test the unit in ambient
pressures greater than local atmospheric pressure, The results of these
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tests are shown in figure 2-17, Due to instrumentation limitations,

it was necessary to vent the chamber to limit the measured pressures,

The vent was adjusted to give a 6 psig chamber pressure at a supply
pressure ratio P,/P = 0.5 when the ambient was atmospheric pressure.

This vent shifts the curves to the left, but does not otherwise affect

the operation of the unit, Note that chamber pressure turns out to be

a function of ambient pressure as well as supply pressure ratio., Attempts
to remove this ambient pressure dependency failed., The separation gap

was increased to 0.125 inches, but caused very little change in the

shape or character of the curves,

The experimental data just described has a strong similarity to
data recently published in the literature. 1In NASA CR-101, "Fluid
Amplifier State of the Art", Volume I, October 1964, there is brief
mention of a pressure regulator credited to the Harry Diamond Lab-
oratories (page 6-7). Except to say that the device uses a vortex,
the report contains no description, but does have a figure supposedly
showing the performance of the unit. The figure has neither numbers
nor identification for its scales, but when compared to figure 2-17,
it is apparent that the vertical scale represents an output signal while
the horizontal scale is (Pg - Pg)/Pg, or possiblv the ratio P,/P_. The
same shape of curve and the same scatter of data is present as is found
for the pressure jet oscillator. The data for higher ambient pressures
do not extend as far up the scales as those for lower ambient pressures,
a direct result of instrumentation limitations also found in the present
experiments., Hence, the HDL device and the pressure jet oscillator
share the same curious operational characteristics. It was only through
an attempt to generate the same data thesretically that the true nature

of both units was revealed,

Since variations in separation between the two nozzles made little
difference in the operation of the unit, it was hypothisized that the
same would be true if the gap were decreased to zero. The pressure jet
oscillator then becomes a simple pipe supplying air at the supply pressure
to the chamber, and chamber pressure then equals the supply pressure.
The ratio of ambient to supply can be written as

Pa= Pat+ APp

Py Pogy * Par * AF (2-71)

where P,¢ is the local atmospheric pressure, the nominal ambient, and
Ap is the difference between the ambient and atmospheric pressures,
The term Ps(G represents gage supply pressure., Chamber pressure
relative to tae ambient is equal to this gage supply pressure. Using
these definitions, curves of chamber pressure as a function of supply
pressure ratio were drawn for various ambient pressures. These are
shown in figure 2-18, 1It is seen that the shape and character of the
curves are similar to those generated by experimental means.

2-30




A

1. | AMBIENT PRESSURE (Pg)
Fat T
Po + i —
Pgy +2 _
Pot + 3 ]
Po' + 5 :
Pat +7

T - Poig) = CHANBER PRESSURE ]

o RELATIVE TO AMBIENT ——~

) (PSIG) -
' Pgy = ATMOSPHERIC PRESSURE .-

AT LOCAL ELEVATION -~ -
(12.6 PSIA)

CHAMBER PRESSURE Py

Py = SUPPLY PRESSURE (PSIA) T

CHAMBER VENTED TO AMBIENT - |

{ . PR

.2 4

6

8 1.0

. ‘ P
SUPPLY PRESSURE RATIO -2

Ps

FIGURE 2-17. CHAMBER PRESSURE, PRESSURE JET OSCILLATOR Mk.I, 007" GAP

2-3l




CHAMBER PRESSURE P(q) (PSIG)

B ? | T EEEESENEEEEEEEEERNER
T ENEREEENRENEERENEEER
‘ 1 AMBIENT PRESSURE =Py +AP
1 SYMBOL Ap nE
O o ]
35 ¢ O | i
PN 3 [ 1
\ v 5 ]
O 7 uE
b O 9 T
3% ] i Py¢ = ATMOSPHERIC PRESSURE [T
1 AT LOCAL ELEVATION T
! (12.6 PSIA). 1]
]1 | {
Tl
)
T ~ REN 1
1
5] WAV
A Y, 1
N A N
, VA
\ VLS z
. PN N
{4 A - : ‘
YA\ T
A N i
‘Eﬂ:i 1 1
EasEEss SO
i i ] A DNy
B S DRI I — | TR
: NTTYS
. A i JUSLANS S SO S S T \y 1
10 ' o i RATATLNR ;
N AN
A N
aas N2
L N
T ‘\
T . 3
= N -
hd 1 : Nl LARN
! { N
(I | ) i
T ‘ T
NS L P
V“HJ“1 i ;' H SR BT 5—7*
ST I i T
NEg. B T ERE
INENNEE RN RN RN . N
ol z ] N
2 4 6 8 1.0
Pa
SUPPLY PRESSURE RATIO &=
S

FIGURE 2-18. THEORETICAL CHAMBER PRESSURE

2-32



1f a chamber Pressure ratio is ysed for the ordinate, the ratio
can be defined as

Pe= Ps @)+ Part 4 p . {Pa)-l

P P +4P P

s (2-72)

The last equality is a result of equation (2-71), This shows that the
curve of chamber pressure ratio should be independent of ambient pressure
changes, When the experimental data shown in figure 2-17 are Placed into
a chamber pressure ratio form and plotted, they give a curve as shown

in figure 2-19, as Suggested above, all data falls on the Same curve,
showine no effect of ambient pressure variations, The theory, equation
(2-72), is also Plotted in the figure, but does not agree with the
experimental data due to the chamber vent used for the latter, This can
be corrected by remembering that

Be = By + (B-E,) (2-73)

and that a vent to amb- ent operates on the basis of the pressure
difference in the parentheses, Only some fraction of that increment
will be present, so the new chamber pPressure is

Pe, = By + K (B B,)

or (P_c) =1 & K(P_c -1) (2-74)
Pa * Pa

In terms of supply pressure, since chamber and supply pressures are,
theoretically, the same,

=1+k| (B '1_] (2-75)
Ps

For the vent Setting used to obtain the experimental data, the value of

the constant is K= 0.466, Equation (2-75) is also pPlotted in figure 2-19
and is found to agree perfectly with the experimental data, Thus we have
shown that the pPressure jet oscillator, when used in 8 nonoscillating mode,
Senses nothing more than supply pressure, which could have been done with
a simple T-fitting in the supply line, Therefore, the pPressure jet
oscillator cannot be considered to be g potential pressure ratio sensor,

2-33




WY T W———

| BN - EEEREEN RN R
! b i i i
N 1 EXPERIMENTAL DATA ]
i AMBIENT PRESSURE Py ||
EEEERE (PSIA) =
BN O Pat ]
25 ’ s O Pep+! —
A Pgp+3 o
|| V Patts u
e f s Q Part? g
B — O Pat+9 5
i j AT THEORETICAL DATA
) ‘ - [ Pay! .
. NS ; O (. ]
Cle® | B R mEmEEE Y o~ A~
o Bl T — ; Pn). ]
b4 + 2 M O ) I+.‘66 —- - ,_.4
g | B SERBERN M [P ] 3
w 2€ ‘ 5 I 7 i
x : 3 ] [ j [ i
g j Py § ; ; O :
@ 1117 CHAMBER VENTED TO ]
« . | AMBIENT TO ESTABLISH -
o REFERENCE POINT: Pe(q)= 6 PSIG [ ]
F Pa =
§ # t ; ! - ;;30.5, P°= PO' E
x ] ¥a ]
* Le ML Py: AMBIENT PRESSURE FSiA m
- - [ | Pgtz ATMOSPHERIC PRESSURE AT [
: : LOCAL ELEVATION (i2.6 PSIA)
SRR - AN =, 5 1 Py= SUPPLY PRESSURE (PSIA) [
B O e —La— — —
o IR [ T 71
o !
’E! | i i } vy
J t t
[EEan
L !
R nE!
- — i { i \_‘14 — , T 1
|
Lo
() 2 4 6 p. 8 o
SUPPLY PRESSURE RATIO -P‘—'
S
FIGURE 2-19. PRESSURE JET OSCILLATOR, CHAMBER PRESSURE RATIO MK. 1, 007" GAP

2-34




T T T ST ey T

2.4,2 Control Valve

The control valve poses the most difficult problem in a
pure fluid pressure regulation system, By their very nature, pure
fluid valves do not provide high output pressures and flows simul-
taneously, This may be an acceptable state of affairs for control
or amplification applications, where flow requirements are smalil,
but the pressure regulator must be capable of supplying all flows
demanded, from zero to the maximum specified, at the same constant
output pressure.

2.4.,2.1 Vortex Valve

The vortex valve was originally proposed to be used
in the pressure regulator. The fact that this valve can handle large
flows, has reasonable pressure recoveries, and can control output pressures
over a three to one range, led it to be considered the ideal compement,
However, vortex valves have a singular disadvantage which effectively
rules out their use as a single, isolated component acting as a control
valve. That is, they reguire control pressures in excess of their
supply pressures, If the supply pressure is the unregulated source
pressure for the system, as is the case in the pressure regulator, where
does the higher control pressure originate? The vortex valve mast be
rejected as a simple control valve,

The true value of the vortex valve becomes apparent when it is
used in combination with other units, or used in an unconventional or
unique manner., When used in a servo valve applicatiom, it has been used
in combination with another device:; the vortex valve, operating at
pressures well under the system pressure, acted as a controlling device
for the other, primary valve. (Reference: NASA CR-54463, "Final Report.
Design, Fabrication, and Test of a Fluid Interaction Servovalve',
prepared by Bendix Corporation for NASA, 17 May 1965.)

The vortex valve with a portion of the supply pressure fed into
the control port can be used as a pressure step-down device, while
another, smaller valve, whose output is vented to ambient, can be used
as the pressure control device. This has the disadvantage of dumping
excess fluid to ambient, but that is the nature of pure fluid systems:
pure fluid systems do not make efficient use of their working fluid,

2,4.2.2 Momentum Valve

The momentum valve (figure 2-20) was investigated
as a possible device for either the self contained pressure regulator,
or as the primary control valve in a pressure control loop. The
momentum vlave consists of two convergent nozzles facing one another
on a common axis. A control jet is located normal to the axis of the
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nozzles. In the sketches, the input side is on the right, while the
output side is on the left., The control jets used in the tests were
over eight inches long, an arbitrary length, and 0.033 and 0.063

inches in inside diameter. They were located against or nearly against
the wall on the supply side of the gap, with the outlet at the edge of
the supply nozzle. Tests were also run with the input jet withdrawn a
distance of 0.050 inches. All tests were run with a momentum valve

gap of 0.250 inches.

Figures 2-2] and 2-22 summarize the experimental data for the
larger and smaller diameter control jets, respectively, Each figure
has curves of 5, 10, 15 and 20 psig supply pressures and two control
jet positions. Also shown is a 20 psig supply pressure curve where
the control pressure was taken from the output of the unit. The
limiting control pressure for this configuration is, of course, at
that point where the control and supply pressures are equal.
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Except for the 5 psig supply pressure data, the curves can be
linearized for a portion of their lengths. 1In the first figure, the
slopes of output to control pressures are found to vary between -1.0
and -1,75, depending upon the curve used. The slopes of output to
supply pressures vary from 0.33 to 1.0, again depending upon the location
at which the slope is taken,

Due to instrumentation limitations, data could not be taken
at higher supply pressures, but the usefulness of such data is question-
able when such a small unit is used. For application as a primary -
flow or pressure control valve, it is envisioned that a much larger
unit be used, the nozzle diameters being sized for the flow rates
required downstream, However, the unit does have rather poor pressure
recoveries, which may limit its usefulness in this application,

2,4.3 Feedback Elements

As was mentioned in the heading to this section, the choice
of feedback or intermedizte elements is dependent upon the requirements
placed upon them by the sensor and the primary control valve. Until
those elements are chosen, and the nature of output and input signals
are known, the requirements for the feedback elements cannot be defimed.
However, the nature of the task to be performed is such that most of
the available proportional devices, such as the impact modulator, can
be used with satisfaction,

2.5 Conclusion

In the studies discussed above, it has been found that a single
unit, operating in a self regulating mode, cannot correct for changes
in load. However, it can compensate for supply pressure variations,
In order to regulate the pressure in the presence of load variations
it is necessary to introduce amplification in the feedback loop. The
single unit, self contained regulator then becomes a pressure regulating
system. Components of the system were discussed, the possibilities
were presented and the problem areas reviewed,

Although a pure fluid pressure ratio regulator has not been
fabricated and tested as a part of this study, the concept of pure
fluid pressure regulation is considered feasible and practical, The
few problem areas that remain to be faced can be surmounted by a
continuing effort. Such effort should place primary emphasis upon
the performance of components that might serve as sensors, feedback
elements, and primary control valves, with special attention being
paid to the effect of variations in their operating ambient pressures,
Given such basic performance data, supported by continuing conceptual
studies using the component data, it would be possible to fabricate and
test a practical pressure regulator.
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2,6 List of Symbols for Chapter 2

3

fbos.éliS:*aFU"‘o"’

&

area; orifice area

ratio of area 1 to tube area, in orifice-venturi combination
ratio of areas, see equation (2-59)

diameter

gravity

various constants, orifice constant, control constant
ratio of areas and orifice constant, see equation (2-55)
length of divergent portion of nozzle

mass flow

maximum mass flow

Mach number

pressure increment

pressure

volume flow rate

radius

universal gas constant

absolute temperature

velocity

weight flow rate

nozzle half angle

ratio of specific heats

mass density
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Subscripts

a ambient

at atmosphere

C control; chamber

Co control from output side

e exit

L load

o output; initial condition

R regulator

S supply

T throat

1 forward control gain; arbitrary point; orifice in the
orifice-venturi combination

2 feedback control gain; arbitrary point; venturi in the
orifice-venturi combination

? design condition; intermediate point in the orifice-venturi
combination
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